Partial trisomy distal 4q (denoted 4q1) is a human chromosomal disorder caused by duplication of the distal end of the long arm of chromosome 4 (Chr4). This disorder manifests typical phenotypes, including craniofacial, renal, heart and thumb developmental defects. Although these clinical features are likely caused by a dosage imbalance in the gene network involving the trisomic region, the causative gene or genes and the molecular bases are largely unknown. Here, we report mouse Recombination-induced mutation 4 (Rim4) as a model animal of 4q1. The Rim4 genome contains an insertion of a 6.5 Mb fragment from mouse chromosome 8 into chromosome 6. This insertion fragment contains 17 genes, including Hand2, that encode the basic helix-loop-helix transcription factor and is syntenic to the distal end of human Chr4, 4q32.3 to 4q34.1, which is responsible for 4q1. A comparison of phenotypes between patients with Rim4 and 4q1 revealed that Rim4 shows direct parallels with many phenotypes of 4q1 such as craniofacial, heart, cervical vertebra and limb deformities. Rebalancing the gene dosage by a genetic cross with Hand2 knockout mice ameliorated symptoms of the heart and limb deformities of Rim4. Conversely, an increase in copy number of Hand2 in wild-type mice recaptures the heart and limb deformities of Rim4. Our results collectively demonstrate that overdosage of Hand2 is a major cause for at least the limb and heart phenotypes of 4q1 and that mouse Rim4 provides a unique animal model for understanding the molecular bases underlying the complex phenotypes of 4q1.
INTRODUCTION
Human chromosomal disorder 4q+ shows complex phenotypes, including growth retardation, mental retardation, craniofacial dysmorphism, congenital heart disease (CHD), including ventricular septal defect (VSD) and patent ductus arteriosus (PDA), renal defect and/or thumb deformities (1 -5) . In addition to these phenotypes, several minor clinical features, such as scoliosis, seizures, umbilical hernia, genital anomalies and teeth anomaly, are also reported (6 -11) . These defects likely result from an increased dosage of at least one gene located on the triplicated region. However, the responsible gene or genes and the molecular basis underlying the phenotypes remain unclear. Several chromosomal regions are proposed as critical regions of specific 4q+ phenotypes based on phenotype -genotype correlations. We previously reported two sibling patients with 4q partial trisomy: dup (4) (q35.2 -q31.22) (3). Both of these patients have pure duplication of a partial fragment of 4q without loss or gain of any other chromosomal region and manifest typical phenotypes of 4q+, including preaxial polydactyly (PPD).
Mouse models play crucial roles in understanding the genephenotype relationship in many human disorders (12 -15) . Previously, we reported a spontaneous mouse mutation named Recombination-induced mutation 4 (Rim4) that was mapped to mouse chromosome 6 (Chr6). Rim4 was originally identified as a PPD mutation. Homozygotes of this mutation show severe PPD associated with hemimelia, and over 80% of newborns with a genetic background of the C57BL/10J strain die shortly after birth (16) .
In this study, we employed a forward genetics approach to elucidate the major causative gene or genes for Rim4. We found that the Rim4 critical region in Chr6 contains the insertion of a 6.5 Mb genomic fragment derived from chromosome 8 (Chr8), although leaving the original Chr8 intact. Therefore, heterozygotes with the Rim4 mutation appeared to have a partial trisomy of mouse Chr8. The trisomic region contains 17 protein-coding genes, including Hand2 that encodes the basic helix-loop-helix (bHLH) transcription factor. The insertion fragment of Chr8 in Rim4 is syntenic to the distal end of the long arm of human Chr4, 4q32.3 to 4q34.1, that is completely included in the trisomic region of the patients we reported previously (3) . We observed that patients with the Rim4 mutation and 4q+ commonly share limb and heart defects and craniofacial deformities, indicating that Rim4 is an animal model of human 4q+. Because Hand2 knockout (KO) and Prx1-driven Hand2 transgenic mice are known to have heart defects and PPD, respectively (17, 18) , we crossed Rim4 mutant and Hand2 KO mice. This cross rebalanced the gene dosage of Hand2 and resulted in amelioration of the limb and heart defects of Rim4. Conversely, we increased the copy number of Hand2 in wild-type (WT) mice using transgenesis with a bacterial artificial chromosome containing Hand2. The resultant mice recaptured the typical Rim4 phenotypes such as the heart and limb deformities. This study clearly demonstrated that overdosage of Hand2 causes at least limb and heart defects of Rim4 and human 4q+.
RESULTS

Fine linkage analysis of Rim4 mutation
Rim4 arose in an intra-major histocompatibility complex congenic strain with a genetic background of C57BL/10J (B10). Our previous mapping showed that Rim4 is located between D6Mit33 and D6Mit98 in Chr6 (16) , and the critical region responsible for the Rim4 limb phenotype physically spans a 28 Mb genomic fragment. In this study, we carried out fine linkage analysis of the Rim4 limb phenotype with 2210 progeny generated from the backcross of (B10-Rim4 × B6-Chr6T
MSM is a consomic strain in which the Chr6 telomeric region of C57BL/6J (B6) spanning D6Mit268 (34.68 Mb) to D6Mit15 (147.37 Mb) is replaced by the counterpart of the Japanese wild mouse (Mus musculus molossinus)-derived MSM/Ms strain (19) . This linkage analysis narrowed down the Rim4 critical region to an interval between D6Mit319 (72.01 Mb) and B6/MSM single nucleotide polymorphism [B6-A to MSM-G, National Institute of Genetics (NIG) Mouse Genome Database: http://molossinus.la b.nig.ac.jp/msmdb/index.jsp] at 72,508,261 (NCBI Mouse Genome Database build 37) (Fig. 1A) ; the physical length of the Rim4 critical region is roughly 500 kb (Fig. 1B ).
Rim4 has a large insertion from Chr8
Thirteen genes are located within the Rim4 critical region (Supplementary Material, Table S1 ). Among them, we paid special attention to atonal homolog 8 (Atoh8) encoding a bHLH transcriptional factor because bHLH transcriptional factors such as Hand2 and Twist1 are known to play a pivotal role in limb development as homo-or heterodimers (20, 21) . To test whether Atoh8 is the causative gene of Rim4, we first tried to clone Atoh8 cDNA from the Rim4 mutant by reverse transcription-polymerase chain reaction. We could obtain proper Atoh8 cDNA with a primer set for cloning the protein coding sequence from a WT mouse, whereas we could not obtain any polymerase chain reaction (PCR) product from a Rim4/Rim4 mouse with the same primer set (data not shown). Northern blot analysis, however, detected a lower level of Atoh8 expression in the brain of an E18.5 embryo of Rim4/ Rim4 mouse than in that of a WT mouse. The Atoh8 transcript from the Rim4/Rim4 mouse is slightly longer in size than that of the WT mouse ( Fig. 2A) . Southern blot analysis finally revealed that Rim4 has a microdeletion, including exon 3 of Atoh8 (Fig. 2B ), suggesting that Rim4 has a gross genomic alteration including the Atoh8 locus.
To elucidate the genomic alternation in Rim4, we performed 3 ′ rapid amplification of cDNA ends analysis of Atoh8. As the result, we found that exon 2 of Atoh8 is fused to exon 5 of hydroxyprostaglandin dehydrogenase 15-(NAD) (Hpgd) that is located in Chr8 (Fig. 2C ). This result indicated that Rim4 has translocation between Chr6 and Chr8. Sequencing of a DNA fragment amplified by inverse PCR from Rim4/Rim4 genomic DNA showed that base position 72,155,439 of Chr6 is fused to base position 65,296,826 of Chr8 in the proximal junction in Rim4 Chr6 (Fig. 3A) and base position 58,788,949 of Chr8 is fused to base position 72,159,653 of Chr6 in the distal junction (Fig. 3B) . The physical length of the insertion fragment is 6.5 Mb that corresponds to Chr8 band 8B2 to 8B3.1 (Fig. 3C) . Dual color fluorescence in situ hybridization (FISH) confirmed that Rim4 Chr6 contains a fragment of Chr8 (Fig. 3D) . The duplicated Chr8 fragment contains 17 protein-coding genes such as Palld, Aadat, Galnt7 and Fbxo8 (Fig. 3E) . Southern blot analysis supported that the Rim4/+ genome has segmental trisomy for a partial fragment of Chr8 (Fig. 3F) . Thus, Rim4 appeared to have a microdeletion including exon 3 of Atoh8 in Chr6, in association with the insertion of a 6.5 Mb fragment from Chr8.
Rim4/1 is a mouse model of partial trisomy distal 4q
The Chr8-derived fragment inserted into Rim4 Chr6 is syntenic to the distal end of the long arm of human Chr4, 4q32.3 to 4q34.1 (Fig. 3D) . Because Rim4 was expected to have a duplicated region of Chr8, which is syntenic to the human distal 4q, we inferred that Rim4 is a mouse model of 4q+. To test whether the Rim4 mutant exhibits the complex phenotypes observed in 4q+ patients, we systematically examined morphological anomalies of the Rim4 mutant. First, we carried out analysis of the embryonic phenotype and found that over 80% of Rim4/Rim4 mice, but not Rim/+ mice, showed severe VSD at embryonic day (E) 14.5 -18.5 ( Fig. 4A and B) . X-ray microcomputed tomography (m-CT) revealed that Rim4/Rim4 mice have PDA after birth ( Fig. 4C and D) . These anomalies were previously reported for patients with 4q+ (7, 10, 22, 23) . Next, we carried out phenotyping of the Rim4 mouse at the adult stage. We found that heterozygotes (Rim4/+) exhibit first digit deformities, including clinodactyly (bent or curved digit), brachydactyly (shortness of digit), syndactyly (fusion of two or more digits) and PPD (extra number of digits), whereas the absence of the first digit was never observed (Fig. 5A -F and 5A ′ -F ′ ). Moreover, we found that Rim4/Rim4 mice have bone malformation represented by hypoplastic clavicles, cervical vertebrae, including lack of transverse foramen ( Fig. 5G-L) , anterior tubercles (arrow in Fig. 5L ) and spinous processes (arrowhead in Fig. 5L ). In addition, the absence of the sixth lumbar (L6) vertebra was occasionally observed in Rim4/Rim4 mice (data not shown). To date, these phenotypes have not been reported for patients with 4q+. Neither Rim4/ Rim4 nor Rim4/+ mice showed obvious renal abnormalities, which is one of the clinical features of 4q+ (data not shown).
Newly identified 4q1 phenotypes commonly shared by Rim4
Our finding that some phenotypes observed in the Rim4 mutants have never been reported for patients with 4q+ prompted us to reexamine the developmental defects in patients with 4q+. We previously reported the case of sibling patients with a duplication of 4q31.22-q35.2 that was likely derived from the maternal allele (Supplementary Material, Fig. S1 ). Notably, the 4q trisomic region of these patients completely includes the mouse Chr8 duplicated region of Rim4 (Fig. 3E ). These patients showed the typical phenotypes of 4q+, except for CHD. In this study, our multi-detector row CT analysis newly revealed a hypomorphic dorsal structure and fusion of the second and third cervical bones in younger and older patients, respectively ( Fig. 5M-O ). In addition, the younger patient has hypoplastic articulus sternoclavicularis (Fig. 5P ). The older patient lacks the fifth lumbar vertebra (Fig. 5Q) , and both patients have scoliosis of the spine (data not shown). Thus, our patients with 4q+ appeared to have additional new developmental defects that are shared by the mouse Rim4 mutant. A comparison of phenotypes between our patients and the mouse Rim4 mutant is summarized in Table 1 .
Gene dosage effect of Hand2 in Rim4 and 4q1
In total, 17 genes are located in the duplicated Chr8 fragment in Rim4 (Fig. 3E ). Among them, the bHLH transcriptional factor Hand2 is particularly of interest because it plays a pivotal role in heart and limb development (17, 18, (24) (25) (26) . We first examined the correlation between increased dosage of Hand2 and gene expression level using quantitative realtime PCR (qRT-PCR). We observed an overexpression of Hand2 that was in proportion to the gene dosage (Supplementary Material, Fig. S2 ). Next, we intended to rebalance the gene dosage of Hand2 in the Rim4 mutant by a genetic cross with Hand2 KO mice, to test whether overdosage of Hand2 is causally related to the developmental defects of Rim4 (Fig. 6A) Table S2 ). These mice were viable and the genotypes segregated in a Mendelian fashion, whereas most (6 of 9) of the Rim4/Rim4 mice with the genotype of Hand2+/+ died prematurely (Supplementary Material, Table S3 ). Further micro-CT analysis of E18.5 embryos of the double mutants (Rim4/Rim4; Hand22/2 and Rim4/Rim4; Hand2+/2) revealed that VSD, which was observed in Rim4/Rim4 mice, was ameliorated in these double mutant mice (Supplementary Material, Table S4 ). It is notable that the double mutants, Rim4/Rim4; Hand22/2 and Rim4/ Rim4; Hand2+/2, retained the Rim4 phenotypes of craniofacial deformities, hypoplastic clavicles and other cervical vertebra anomalies. We also examined the effect of increased Hand2 gene dosage by bacterial artificial chromosome (BAC)-DNA transgenesis on WT mice (Fig. 6D) . Our results of G0 phenotype analysis showed that transgenic mice with BAC-DNA containing Hand2 recaptured the Rim4 phenotypes such as first digit deformities, hemimelia and decreased number of lumbar vertebrae ( Fig. 6E and F) . In contrast, transgenic mice using modified BAC-DNA in which the Hand2 coding sequence is replaced by enhanced green fluorescent protein (EGFP)-cDNA showed no obvious defect (Fig. 6E and F) . These results supported that at least the developmental defects of limb, heart and lumbar vertebrae in the Rim4 mutant and patients with 4q+ are caused by the overdosage of Hand2/HAND2.
DISCUSSION
Based on the phenotype-genotype correlation in case studies with different families of 4q+, it is proposed that two separate segments, 4q28.2 -q28.3 and 4q31.22 -q32, on the distal end of the long arm of HSA4 may be related to the complex phenotypes of thumb (first digit) deformities (5). According to two reports (4, 27) , a region proximate to 4q28.3 might be responsible for the absence of a thumb in 4q+ (Fig. 7) . This region is outside of the duplicated Chr8 fragment of Rim4. Although Rim4/+ mice show complex limb deformities, including PPD, the absence of the first digit has never been observed. Therefore, the gene responsible for the absence of the thumb in 4q+ might not be HAND2. Conversely, other thumb deformities in 4q+ are likely caused by a disruption of the gene dosage balance of the bHLH transcription factor HAND2 (Fig. 7) .
Hand2/HAND2 is a member of the Twist gene family that includes the Twist-related gene Twist1. It is known that two bHLH transcription factors, Hand2 and Twist1, form a heterodimer, and the dosages of these genes are critical for normal limb development (20) . Disruption of this balance, e.g. overdosage of Hand2 for Twist1, causes limb anomaly as in the case of Twist1 KO heterozygotes and the human congenital disorder Saethre -Chotzen syndrome (OMIM 101400) (20, 28, 29) . Compound heterozygotes of Hand2 and Twist1 KO mice show the normal digit phenotype, although the dosage of both genes is reduced to half of that of the WT mice. This is possibly due to equivalence in gene dosage between Hand2 and Twist1. We infer that a dosage imbalance between the genes Hand2 and Twist1 is also involved in first digit deformities of Rim4 and 4q+. Rim4 is a semidominant mutation, and Rim4/Rim4 shows more severe phenotypes than Rim4/+. The gene dosage ratio of Hand2 to Twist1 is 2:1 in both the Rim4 homozygote (Hand2:Twist1 ¼ 4:2 ¼ 2:1) and Twist1 KO heterozygote (Hand2:Twist ¼ 2:1). Mice with both genotypes similarly exhibit severe PPD. In the Rim4 heterozygote, the gene dosage ratio of Hand2 to Twist1 is 3:2 (¼1.5:1). Thus, the severity of limb phenotype bears a linear relationship to the gene dosage ratio of Hand2 to Twist1.
Loss of the sixth lumbar vertebra was occasionally observed in the Rim4/Rim4 mice. Moreover, the BAC-DNA transgenic mice with an overdosage of Hand2 also showed this phenotype. We observed the loss of the fifth lumbar vertebra in our older patient with 4q+ as well (Fig. 6E ). An anterior shift of leg position in association with the lumbar -sacral transition is often observed in polydactylous mouse mutants such as luxate (lx) (30) . The limb anomalies caused by an overdosage of Hand2 are possibly correlated with the loss of vertebrae in mouse Rim4 and human 4q+. Overdosage of Hand2 may also affect heart development. It was reported that Hand2 KO mice exhibit developmental defects in the right ventricle of the heart and the aortic arch arteries (17) . Human patients with 4q+ with duplication of 4q31-qter manifest CHD, including PDA, VSD and atrial septal defect (10, 22, 23, 31, 32) . In this study, we found that Rim4 mutants show similar VSD and PDA. These reports and this study collectively indicated that proper gene dosage of Hand2 is essential for normal heart development. In addition, Rinaldi et al. (2) reported that cardiac phenotypes in 4q+ are associated with 4q26 -q27, suggesting that the long arm of Chr4 contains at least one more locus involved in heart morphogenesis.
Some patients with 4q+ show postnatal death (7, 22, 23) , as is the case of Rim4/Rim4. Hand2 is known to act for not only cardiogenesis but also for palatogenesis. The constitutive and conditional Hand2 KO mice show heart defects and cleft palate and die during embryogenesis or after birth (17, 33) . Our histological analyses revealed that Rim4/Rim4 mice have no cleft palate and double outlet right ventricle (data not shown), whereas VSDs are commonly observed in Rim4/ Rim4 (Fig. 4B) . KO of Hand2 negative regulator, miRNA-1-2, also causes VSD, resulting in embryonic or postnatal death (34) . Taking account of all these facts, we infer that the postnatal death of Rim4/Rim4 is caused by VSD.
Although renal defect is one of the typical clinical features of 4q+ and is the most serious problem of this syndrome, the Rim4 mutant mice show no such phenotype. We previously suggested that duplication of 4q33 -q34 was critical for renal defects (3). It is likely that the gene responsible for renal defects of 4q+ is located outside of the duplicated Chr8 fragment in Rim4. A candidate gene possibly resides at a region distal to 4q34.1 -3 because the human region syntenic to the duplicated Chr8 fragment extends from 4q32.3 to the middle part of q34.1 (Fig. 7) . Vascular endothelial growth factor-C (VEGFC), which is located at 4q34.3, is of particular interest because lymphatic angiogenesis is enhanced in tubulointerstitial lesions in human chronic renal disease and is correlated with damage of renal tissue. Lymphatic growth is associated with the expression of VEGFC in mononuclear and tubular epithelial cells (35) .
In this study, based on findings of morphological anomalies of Rim4, we could show that patients with 4q+ bear new phenotypes, such as hypoplasticity of clavicles, cervical bone malformations and absence of the lumbar vertebrae, all of which have never been reported so far. This fact clearly demonstrated that Rim4 is a prominent animal model of human 4q+. Rebalancing the Hand2 gene dosage by crossing with Hand2 KO mice resulted in amelioration of the limb anomalies and congenital heart defects in Rim4. However, overdosage of Hand2 cannot account for the cervical malformations and craniofacial deformities of Rim4 because these defects could not be ameliorated by the rebalanced dosage of Hand2. This suggests that overdosage of at least one additional gene is required for those phenotypes.
In conclusion, Rim4 provides a unique experimental system to identify causative genes for the complex phenotypes of partial trisomy distal 4q and contributes to an understanding of its clinical features, leading to the development of novel therapeutic approaches.
MATERIALS AND METHODS
Informed consent
This study was approved by the Medical Research Ethics Committee of National Niigata Hospital, and written informed consent was obtained from parents of patients in accordance with internal review board-approved protocols.
Mice
All mouse strains used in this study were maintained at Genetic Strains Research Center, NIG. The spontaneous mouse mutant Rim4 was described previously (16) . The Hand2 tm1Zllr KO mouse strain was a generous gift from Rolf Zeller (University Basel, Switzerland) (36) . Rim4 and Hand2 tm1Zllr mouse strains were kept in C57BL10 and mixed 129SvJ/C57BL6 genetic backgrounds, respectively. Genotyping was performed by PCR analysis of genomic DNA, except for Rim4/Rim4; Hand2+/2 or Rim4/Rim4; Hand22/2 mutant mice. For the genotyping of these mutants, we performed Southern blot Multi-detector row computed tomography images of younger (M and P) and older patients (N, O and Q). In the cervical vertebrae, hypomorphic spinous processes (arrowheads in M) and C2-C3 fusion (arrow in N and O) were observed in the older patient. In the thoracic and lumbar regions, we observed an atypical connection between the clavicle and manubrium (dotted circle in P) in the younger patient and a lack of L5 (Q) in the older patient.
analyses using the Hand2 exon 2 or the genome fragment of 3 ′ downstream of Hand2 exon 2 as probes. WT littermates were used as controls in all experiments. Noon of the day on which we observed the mating plug was considered as embryonic day 0.5 (E0.5). All animal experiments were performed in accordance with protocols approved by the Animal Care and Use Committee of NIG.
Molecular analyses
We carried out molecular analyses, including RNA preparation, northern blot, Southern blot and sequencing as previously described (37) . The expression of Hand2 transcripts was assayed by qRT-PCR amplification with SYBR Fast qPCR premix (KAPA) and the thermal cycler Dicer real time system (TaKaRa). Total RNA was isolated from whole embryos at E14.5 using the Isogen (Nippon gene) or RNeasy mini kit (Qiagen). cDNA was synthesized using the Primescript RT reagent kit (TaKaRa). Primer sets used in this study are listed in Supplementary Material, Table S5 . All PCR reactions were carried out at least in triplicate and validated by the presence of a single peak in the melt curve analysis. Changes in gene expression were calculated relative to Gapdh using the 2[-Delta Delta C(T)] method (38) . Statistical analysis was performed using the unpaired two-tailed Student's t-test. Values of P , 0.05 were considered significant. In cross 1, Rim4/+ was crossed to Hand2+/2, and compound heterozygotes (Rim4/+:Hand2+/2) were produced. In cross 2, the compound heterozygotes were intercrossed, and double homozygous mutants (Rim4/Rim4: Hand22/2) were produced. (B and C) m-CT images of the left foot (B) and the right leg (C) of WT (Wild), Rim4/Rim4 (R/R) and double homozygous mutant (RR: HH) mice at 3 months of age. The severe thumb defect (arrow in B) and hemimelia (arrowhead in C) of the Rim4/Rim4 mouse were completely recovered in (RR; HH), whereas other phenotypes, such as microcephaly and cervical defects, were retained (data not shown). (D) Schematic representation of BAC modification. The BAC clone RP23-353-E18 contains a Hand2 locus in the mouse chromosomal region 8B2. BAC was modified such that Hand2 coding is replaced by enhanced green fluorescent protein (EGFP) (delta Hand2). Hand2 is the sole annotated gene in the BAC clone RP23-353-E18. (E and F) Transgenesis with Hand2 BAC-DNA recaptured the thumb anomaly (arrow in E), hemimelia (arrowhead in E) and lumbar defect (F), whereas transgenesis with delta Hand2 BAC-DNA caused no phenotype.
Cytogenetic and FISH analyses
Cytogenetic analyses were made on peripheral blood from humans and spleen cells from mice using standard methods for culturing and chromosome preparation. Dual color FISH analysis for mouse Chr6 and Chr8 was performed using the Star FISH mouse whole chromosome-specific probes (Cambio). Hybridization and post-hybridization washes were performed as previously described (39) . Chromosomes were counterstained by 4 ′ ,6-diamidino-2-phenylindole dihydrochloride.
Histology
Embryos and adult tissues were fixed in Bouin's solution (water-saturated picric acid: concentrate formalin: concentrate acetic acid ¼ 15:5:1), dehydrated through an ethanol gradient and embedded in paraffin. Samples were sectioned at 5 mm and stained with hematoxylin and eosin. Embryonic mouse skeletons were stained with Alcian blue 8 GX (SIGMA A-5268) for cartilage and subsequently cleared and then stored in glycerol as described previously (16) .
m-CT analysis
Mouse bones and embryos were scanned using a SCANXMATE-E090S scanner (Comscantechno) at a tube voltage peak of 60 kVp and a tube current of 100 mA. Samples were rotated 3608 in steps of 0.368, generating 1000 projection images of 640 × 480 pixels. The m-CT data were reconstructed at an isotropic resolution of 9.5 × 9.5 × 9.5 mm 3 . Before scanning, embryos were soaked in contrast agent, a 1:3 mixture of Lugol solution and deionized distilled water, as previously described (40) . Three-dimensional, tomographic images were obtained using the TRI/3D-BON (RATOC Systems) and the OsiriX (www.osirix-viewer.com) software program for bones and embryos, respectively.
BAC modification and transgenesis
The RP23-353N18 BAC clone, which contained the Hand2 locus, was purchased from the BACPAC Bioresources Center at Children's Hospital Oakland Research Institute. Modification of RP23-353N18 was carried out using a previously described method (41) . Briefly, the EGFP and flipase recognition target (FRT)-franked kanamycin resistant cassettes were inserted into the pBluescriptII SK+ (Stratagene). We carried out the PCR amplification of this vector construct using a high-fidelity DNA polymerase, KOD (TOYOBO), to make 50 nucleotide terminal homologous arms of the Hand2 locus. The pKD46 plasmid, which contains the arabinose-inducible lambda red recombinase gene, was introduced into the HB10B host cell carrying the RP23-353N18. Then, the cell hosting both RP23-353N18 and pKD46 was transformed with approximately 500 ng of PCR product of the EGFP and kanamycin cassettes with homologous arms. After overnight incubation at 378C, the resulting colonies were characterized by PCR using the specific primer sets. Then, the FRT-franked kanamycin-resistant cassette was removed by introduction of a pCT20 plasmid that contains the thermal inducible FLP gene. BAC-DNA preparation was performed using the QIAGEN large-construct Kit (Qiagen) according to the manufacturer's protocol. Purified BAC-DNA was treated with the restriction enzyme PI-SceI (NEB). Generation of BAC transgenic mice using the microinjection was performed as previously described (42) . We performed G0 phenotype analyses at E16.5. 
